The nucleus accumbens (NAc) in the ventral striatum integrates many neurochemical inputs including dopamine and serotonin projections from midbrain nuclei to modulate drug reward. Although D 1 and D 2 dopamine receptors are differentially expressed in the direct and indirect pathway medium spiny neurons (dMSNs and iMSNs, respectively), 5-HT 6 receptors are expressed in both pathways, more strongly than anywhere else in the brain, and are an intriguing target for neuropsychiatric disorders. In the present study, we used viral vectors utilizing dynorphin or enkephalin promoters to drive expression of 5-HT 6 receptors or green fluorescent protein (GFP) selectively in the dMSNs or iMSNs of the NAc shell. Rats were then trained to self-administer cocaine. Increased 5-HT 6 receptor expression in dMSNs did not change any parameter of cocaine self-administration measured. However, increasing 5-HT 6 receptors in iMSNs reduced the amount of cocaine self-administered under fixed-ratio schedules, especially at low doses, increased the time to the first response and the length of the inter-infusion interval, but did not alter motivation as measured by progressive ratio 'break point' analysis. Modeling of cocaine pharmacokinetics in NAc showed that increased 5-HT 6 receptors in iMSNs reduced the rat's preferred tissue cocaine concentration at each dose. Finally, increased 5-HT 6 receptors in iMSNs facilitated conditioned place preference for a low dose of cocaine. We conclude that 5-HT 6 receptors in iMSNs of NAcSh increase the sensitivity to the reinforcing properties of cocaine, particularly at low doses, suggesting that these receptors may be a therapeutic target for the treatment of cocaine addiction.
INTRODUCTION
Substance use disorders are prevalent neuropsychiatric conditions that are costly on personal and societal levels. A recent estimate holds substance addiction accountable for over 500 billion dollars spent annually within the United States alone (Rehm et al, 2009 ; US Department of Justice National Drug Intelligence Center, 2011; United States Department of Health and Human Services, 2014) . Addiction is thought to involve maladaptations of the neural processes that normally mediate reward learning in neural circuitry converging in the dorsal and ventral striatum (Hyman et al, 2006) , which lead to compulsive substance taking. In particular, the nucleus accumbens (NAc) of ventral striatum is crucial to drug reward and may be an appropriate target for future addiction therapies (Stuber et al, 2011) . The NAc comprises mostly GABAergic medium spiny neurons (MSNs) which project through two distinct pathways, known as the direct (striatonigral) and indirect (striatopallidal) pathways (Gerfen et al, 1990 (Gerfen et al, , 1991 Surmeier et al, 2007) . Output via the direct pathway is thought to facilitate actions while the indirect pathway is thought to inhibit actions (Chandra et al, 2015; Macpherson et al, 2014; Yager et al, 2015) . The direct pathway MSNs (dMSNs) express mainly D 1 dopamine receptors and dynorphin (Dyn), whereas the indirect pathway MSNs (iMSNs) express mainly D 2 dopamine receptors and enkephalin (Enk) (Gerfen et al, 1990 (Gerfen et al, , 1991 Hikida et al, 2010) . The specific functions and mechanisms underlying drug seeking within these pathways are not well understood, but the relative activity in these pathways is likely to have a role in the progression of addiction (Bock et al, 2013; Hikida et al, 2010 ).
Cocaine's reinforcing properties involve direct interactions with monoamine transporters including the serotonin transporter (Sora et al, 2001; Uchimura and North, 1990) . Serotonin neurons strongly innervate ventral striatum (Dölen et al, 2013; McDevitt et al, 2014; Parsons and Justice, 1993a) and cocaine increases extracellular serotonin in NAc (Andrews and Lucki, 2001; Parsons and Justice, 1993b) . By increasing extracellular 5-HT, cocaine enhances signaling at multiple 5-HT receptor subtypes, several of which have been implicated in mediating the reinforcing properties of cocaine in NAc (Müller and Homberg, 2015) .
Among the 14 identified serotonin receptors, 5-HT 6 receptors are notable for their abundance in striatum, where they are expressed in both dMSNs and iMSNs (Hirst et al, 2003; Tassone et al, 2011; Ward et al, 1995) . Some reports found no effect of a systemic 5-HT 6 agonist or antagonist on cocaine self-administration (cocaine SA) (Fijal et al, 2010; Frantz et al, 2002; Valentini et al, 2012) , while other studies suggested that cocaine reinforcement or reinstatement was regulated by 5-HT 6 receptor activity (van Gaalen et al, 2010; Valentini et al, 2012) . We previously showed that viralmediated increases in 5-HT 6 receptor expression in NAcSh blocked the acquisition of conditioned place preference (CPP) to cocaine without altering psychomotor sensitization (Ferguson et al, 2008) . 5-HT 6 receptors also regulate reward motivated learning and the expression of habitual actions (Eskenazi and Neumaier, 2011a, b) . In both these studies, 5-HT 6 receptors were increased in MSNs generally and were not specifically targeted at the direct or indirect pathway. Recently, we observed that increased striatal 5-HT 6 receptor activity had different effects on reward motivated learning using sucrose reinforcers when expression was restricted to either the dMSNs or the iMSNs (Eskenazi et al, 2015a) , suggesting that the distribution of the receptors is a key determinant of the behavioral impact of 5-HT 6 receptor signaling.
In general, striatal 5-HT 6 receptors tend to oppose dopamine's effects on drug reward (Eskenazi et al, 2015b) . Because this might involve opposing the differential activation of both pathways by dopamine, we used phenotypespecific viral vectors to increase expression of 5-HT 6 receptors or green fluorescent protein (GFP) selectively in the dMSNs or iMSNs in the NAc shell (NAcSh) of rats. Our original hypothesis was that 5-HT 6 receptors in dMSNs and iMSNs would increase and decrease cocaine reinforcement, respectively. However, upon examination of several parameters of cocaine reinforcement and reward, we conclude that increasing 5-HT 6 receptors only in iMSNs increases the sensitivity to the reinforcing properties of cocaine, particularly at low doses, suggesting that these receptors may be a target for pharmacological manipulation in the treatment of cocaine addiction.
MATERIALS AND METHODS

Animals
For all experiments, male Long-Evans rats (Charles River, Raleigh, NC) weighing 350-450 g were used. Rats were double-housed for 1 week to acclimate them to the temperature-and humidity-controlled vivarium before the experiment, and were kept under a 12-h light-dark cycle. All experiments were carried out during the light period. Following implantation of intravenous catheters, the rats were housed individually. Food and water were freely available at all times except during the cocaine SA sessions. All experimental procedures were approved by the University of Washington Institutional Animal Care and Use Committee and were conducted in accordance to the guidelines of the 'Principles of Laboratory Animal Care' (NIH publication no. 86-23, 1996) . A total of 76 rats were used for these experiments, of which 4 were excluded due to failure to learn to self-administer cocaine, 5 were excluded because viral-mediated gene expression was outside the target brain region, and 11 were removed from the study due to health issues (such as lost IV access).
Intravenous Catheter Placement and Intracranial Virus-Mediated Gene Transfer
Jugular catheters were implanted as previously described (Nair et al, 2013) . Rats were allowed to recover for 10 days before cocaine SA training. During the recovery and training phases, catheters were flushed every 48 h using sterile gentamicin (0.08 mg/ml). We used replication-deficient herpes-simplex viral (HSV) vectors to increase 5-HT 6 receptor expression in either dMSNs or iMSNs of the NAcSh. The experiment utilized four different viral cassettes for this manipulation: two that express fully functional hemagglutinin (HA)-tagged 5-HT 6 receptors under either the proenkephalin promoter (Enk-5-HT 6 ) or the prodynorphin promoter (Dyn-5-HT 6 ), and two control viruses that express GFP alone under either the proenkephalin promoter (Enk-GFP) or the prodynorphin promoter (Dyn-GFP). We have previously confirmed that these viral vectors produce HA-tagged 5-HT 6 receptors in either enkephalin or dynorphin containing neurons and not glia (Eskenazi et al, 2015a; Ferguson et al, 2011 Ferguson et al, , 2013 Michaelides et al, 2013) . HSV vectors were injected at 400 nl/min using surgical procedures previously described (Eskenazi et al, 2015a; Ferguson et al, 2013) . The volume of viral vector (2 μl) was chosen based on previous studies in our laboratory to induce discrete infection in the target region Mitchell et al, 2007) . Using a 10°angle of approach, the NAcSh was targeted using the coordinates relative to bregma: +1.7 mm (anterior-posterior), ± 2.3 mm (mediallateral), and − 7.6 mm (dorsal-ventral). To confirm the injection site, rats were perfused as previously described (Eskenazi and Neumaier, 2011a) , brains were dissected and post-fixed in 2.5% paraformaldehyde for 6 h, after which they were placed 30% sucrose in PBS. Tissue sections were made on a Leica Jung CM 3000 cryostat and mounted on slides at 40 μm thickness. Accuracy of injection coordinates was confirmed by visualization of the injection needle tracts. Rats with injection sites outside the targeted brain region were excluded from the experiments.
Apparatus
The rats were trained and tested in standard Med Associates operant chambers (Med Associates, Georgia, VT). Each chamber was equipped with two levers located 9 cm above the grid floor. Lever presses on the active lever activated the infusion pump, whereas lever presses on the inactive lever had no programmed response. All chambers were kept in sound-attenuating boxes equipped with fans for temperature regulation and to provide white noise. All chambers were connected to a Med Associates interface, and experimental data were collected using the Med-PC software.
Behavioral Procedures
The procedure consisted of four phases: fixed-ratio cocaine SA (11 days), progressive ratio (PR) (4 days), low-dose responding (3 days), and high-dose responding (3 days).
Cocaine SA Rats were trained to self-administer cocaine for 2 h/day (two 1-h sessions with a 5-min interval between sessions) for 11 days. Cocaine hydrochloride (National Institute on Drug Abuse, Bethesda, MD) was dissolved in sterile injectable 0.9% saline and infused in a volume of 0.1 ml at a dose of 0.75 mg/kg/infusion. Each session started with the turning on of a white house-light and introduction of the levers into the operant chamber. During training, cocaine infusions were earned under a fixed-ratio-1 (FR1), 20 s timeout reinforcement schedule and were accompanied by a compound tone-light cue for 5 s. During the 20-s timeout period, lever presses were recorded but did not result in cocaine delivery. A maximum of 20 cocaine infusions/h was set to prevent cocaine overdose. At the end of each session, the house-light was turned off and the levers were retracted.
Progressive Ratio
Following the FR1 sessions, rats were trained to SA cocaine for 4 days on a PR reinforcement schedule, during which the response requirement to earn a cocaine infusion (0.75 mg/ kg/infusion) increased after each infusion earned. The response requirement increased incrementally in accordance with the following equation: Response ratio = (5e (injection number × 0.2) − 5) (Richardson and Roberts, 1996) . The PR sessions were terminated when the rat failed to receive a cocaine infusion within 1 h.
Cocaine Dose-Response Experiments
Following cocaine SA on FR1 and PR schedules, behavioral responding was measured for 3 days each on a low and a high dose of cocaine. The low-dose testing was done during a 2-h FR1 SA session where each response yielded a cocaine infusion (0.375 mg/kg/infusion). Three days of high-dose (1.5 mg/kg/infusion) FR1 sessions followed immediately after the low-dose period.
Cocaine Pharmacokinetic Modeling
Whole-brain levels of cocaine were modeled using a two-compartment mathematical model for rats receiving i.v. cocaine as previously described (Zimmer et al, 2011) , based on an original report that measured extracellular cocaine concentration in the NAc measured by microdialysis (Pan et al, 1991) . The average estimated cocaine concentration for each session was calculated between 10 and 120 min after the initiation of the session using the equation: 
Locomotor Activity
On the day following the completion of all cocaine SA behavior, locomotor activity was measured in infrared beam break activity boxes (22 × 45 × 23 cm; San Diego Instruments, San Diego, California) for 30 min in a dimly-lit room.
Locomotor activity was analyzed in 3-min bins.
Conditioned Place Preference
A separate cohort of rats began place conditioning trials on the eleventh day after viral infusion using a threechamber conditioned place preference (CPP) apparatus (Medical Associates, St Albans, VT) comprises two large side chambers (24 × 21 × 21 cm) separated by a small central chamber (12 × 21 × 21 cm). The three chambers differed in lighting (dim, medium, or bright), wall color (white, black, or gray), and floor texture (grid, rod, or solid). Before the onset of the study, light intensities were adjusted so that there was no overall preference by a separate test group of animals for any chamber. We did not use a pre-exposure trial to avoid latent inhibition of associations between the drug effect and the chamber cues (Barot et al, 2007; Tzschentke, 1998) . Chamber pairing with drug was randomly assigned in a counterbalanced manner so any pre-existing individual preferences would be randomly distributed. The first trial of each conditioning day began at 0900-1000 h, with each animal receiving an injection of isotonic saline (1 ml/kg, i.p.). After the injection, animals were confined to one of the side chambers of the CPP apparatus for 15 min. Three hours after the morning trial, animals received cocaine hydrochloride (NIDA 5 mg/kg in 1 ml/kg saline, i.p.), after which they were placed into the other side chamber for 15 min. Conditioning trials were repeated in the same manner for the following 3 days. The day following the three conditioning trials (day 14), animals were tested for CPP. The animal was placed into the central chamber, and after a 3-min habituation period the doors were raised and the animal was allowed to explore the entire apparatus for 15 min. Time spent in each compartment was recorded automatically.
Immunohistochemistry
Floating sections (40 μm) were washed in 0.5% Triton-X/PBS for 10 min, then blocked in 10% normal goat serum (NGS)-Triton-X/PBS for 1 h. Sections were then incubated in 5% NGS-Triton-X/PBS containing HA (1 : 400, rabbit, Cell Signaling) with gentle agitation at 4°C overnight. Next, sections were rinsed four times in PBS and incubated with Alexa 488-conjugated, goat anti-rabbit secondary antibody (1 : 250, Invitrogen, Carlsbad, CA) for 2 h. Sections were washed three times in PBS, mounted on slides and coverslipped with ProLong Gold Antifade mounting medium (Life Technologies). Images were captured with a Nikon fluorescence microscope and associated ZEN software.
Statistical Analyses
Data from the cocaine SA sessions was collected using the Med PC IV software. Analysis was performed using GraphPad Prism (Version 5.01). Significance for all
Striatal 5-HT 6 receptors regulate cocaine reinforcement M Brodsky et al cocaine SA data was tested with two-way analyses of variance (ANOVAs; with or without repeated measures, as warranted) followed by Bonferroni post hoc tests (Table 1) . For analysis involving only two samples we used a two-tailed t-test. For all comparisons, we used an alpha value of 0.05.
RESULTS
Pathway-Specific Targeting of 5-HT 6 Receptors in NAcSh
To increase expression of 5-HT 6 receptors in either the direct or indirect pathway neurons selectively, we used HSV vectors that have been described (Figure 1a ) (Eskenazi et al, 2015a; Ferguson et al, 2011 Ferguson et al, , 2013 Michaelides et al, 2013) . These vectors utilize the rat prodynorphin (Dyn) or the rat proenkephalin (Enk) promoter to induce transgene expression of either HA-tagged 5-HT 6 receptors or GFP in dMSNs and iMSNs, respectively. The dMSN and iMSN manipulations were performed on separate cohorts of animals run at different times and were hence analyzed separately. The medial NAcSh was targeted, and accurate injections were confirmed histologically ( Figure 1b) ; five animals were excluded due to inaccurate injections. Transgene expression using these Enk and Dyn promoters has been shown by our laboratory to be present up to 2 months post injection (Ferguson et al, 2008) , and was confirmed in NAcSh 40 days post injection using immunohistochemistry (Figure 1c) . The experimental timeline is illustrated in Figure 1d .
Increasing 5-HT 6 Receptors in NAcSh iMSNs But Not in the dMSNs Decreased Operant Cocaine SA on an FR1 Schedule
In rats treated with Dyn-GFP or Dyn-5-HT 6 , there was no significant difference between viral vector treatment groups on the number of cocaine infusions (Figure 2a, F (1, 13) = 0.87, p = 0.37), indicating that increased expression of 5-HT 6 receptors in dMSNs did not alter cocaine reinforcement at a moderate unit dosage (0.75 mg/kg/infusion). The rats had established stable patterns of cocaine self-administration after the first 8 days; as a result, we examined the final 3 days of FR1 responding but there was no significant difference in average cocaine infusions between these treatment groups ( Figure 2b , t-test, p = 0.87). In contrast, in rats expressing either Enk-5-HT 6 or Enk-GFP in medial NAcSh there was a significant difference between viral vector treatment groups on the number of cocaine infusions (Figure 2c, F (1,24) = 5.32, p = 0.03), indicating that increased expression of 5-HT 6 receptors in iMSNs decreased cocaine SA on an FR1 reinforcement schedule. We examined the final 3 days of FR1 responding and the Enk-5-HT 6 -expressing rats took significantly less cocaine (Figure 2d , t-test, p = 0.015). There was a significant difference between active and inactive lever presses in both the 5-HT 6 receptor and GFP groups in the dMSNs (Supplementary Figure 1a, one-way ANOVA, po0.001), as well as the 5-HT 6 receptor and GFP in the iMSNs (Supplementary Figure 1b, one-way ANOVA, po0.001) across all days of FR1 training. Striatal 5-HT 6 receptors regulate cocaine reinforcement M Brodsky et al
Increased Expression of 5-HT 6 Receptors in iMSNs Shifted the Dose-Preference Curve Downward
Rats were exposed to two additional doses of cocaine (0.375 and 1.5 mg/kg/infusion) for 3 days at each dose, starting with the low dose and followed by the high dose. We also included SA data from the last three training days at the 0.75-mg/kg/infusion dose in our analyses to depict the complete dose-preference curve. All groups had decreasing preference for the highest dose of cocaine as indicated by fewer infusions taken as dose increased. Rats with increased 5-HT 6 receptors in the dMSNs did not differ from their GFP counterparts with regard to either the number of cocaine infusions ( 
Increasing Expression of 5-HT 6 Receptors in the NAcSh iMSNs Changes Patterns of Cocaine Taking
To assess whether increased 5-HT 6 receptors in either dMSNs or iMSNs affect the pattern of cocaine taking, we examined the time course (15 min intervals) of FR1 operant responding for a unit dose of 0.75 mg/kg/infusion. The number of infusions per 15-min bin over the course of the session did not change for rats with increased 5-HT 6 receptors in dMSNs ( Figure 4a , F (1,11) = 2.56, p = 0.14). However, the average number of infusions per 15-min bin over the course of the session was significantly decreased in rats with increased 5-HT 6 receptors in iMSNs ( Figure 4b , F (1,24) = 9.07, p = 0.006). We also examined the interval from the initiation of the session until the first response within each session. We found no change in the average time to first response for the group with increased 5-HT 6 receptors in dMSNs (Figure 4c , t-test, p = 0.63), but increased 5-HT 6 receptors in iMSNs significantly increased the interval before the initial lever press of each session (Figure 4d , t-test, p = 0.035).
Increasing Expression of 5-HT 6 Receptors in iMSNs Reduced the Preferred Brain Cocaine Concentration
To further probe the pattern of cocaine taking among rats, we used a previously described pharmacokinetic model to estimate local brain concentration of cocaine in NAc (Pan et al, 1991; Zimmer et al, 2011) . For reference, examples of how the model predicted brain cocaine concentration during the SA session are shown for Enk-GFP and 
Increasing Expression of 5-HT 6 Receptors in Either the NAcSh dMSNs or iMSNs Did Not Affect Cocaine SA on PR Reinforcement Schedule
On a PR reinforcement schedule, increased 5-HT 6 receptor expression in dMSNs had no significant effect on the total number of cocaine infusions when averaged over 4 PR testing days (Figure 5a , t-test, p = 0.14) or average active lever Figure 4 Increasing expression of 5-HT 6 receptor in the NAcSh iMSN changes patterns of cocaine taking and reduced the preferred brain cocaine concentration. (a) Average cocaine infusions (mean ± SEM) per 15-min bin on mid-dose testing days shown for rats expressing either Dyn-GFP (n = 7) or Dyn-5-HT 6 (n = 8) (two-way ANOVA, F (1,11) = 2.56; p = 0.14). (b) Average cocaine infusions (mean ± SEM) per 15-min bin on mid-dose testing days shown for rats expressing either Enk-GFP (n = 13) or Enk-5-HT 6 (n = 13) (two-way ANOVA, F (1,24) = 9.07, p = 0.006). (c) Average time to initial response in minutes for Dyn-GFP (n = 7) and Dyn-5-HT 6 (n = 8) rats on all testing days (t-test, p = 0.63). (d) Average time to initial response in minutes for Enk-GFP (n = 13) and Enk-5-HT 6 (n = 14) rats on all testing days (t-test, p = 0.035). Example brain cocaine concentration modeling at 0.75 mg/kg/infusion is shown for reference Enk-GFP (e) and Enk-5-HT 6 (f). (g) Average estimated brain cocaine concentrations across doses (0.375, 0.75, and 1.5 mg/kg/infusion) for Dyn-5-HT 6 rats (n = 4-8 depending on dose) and Dyn-GFP rats (n = 4-7 depending on dose) (two-way ANOVA, F (1,29) = 1.94, p = 0.18). (h) Average estimated brain cocaine concentrations across doses (0.375, 0.75, and 1.5 mg/kg/infusion) for Enk-5-HT 6 rats (n = 8-14 depending on dose) and Enk-GFP rats (n = 8-14 depending on dose) (two-way ANOVA, F (1,54) = 7.427, p = 0.009). *po0.05, **po0.001, ***po0.0001.
Striatal 5-HT 6 receptors regulate cocaine reinforcement M Brodsky et al presses (Figure 5b , t-test, p = 0.264). Similarly, increased 5-HT 6 receptor expression in iMSNs had no significant effect on the average number of cocaine infusions over 4 PR testing days (Figure 5c , t-test, p = 0.31) or active lever presses (Figure 5d , t-test, p = 0.53). Thus, we conclude that the motivation to self-administer cocaine at the dose of 0.75 mg/kg/infusion was not directly affected by 5-HT 6 receptors in either pathway.
Increasing Expression of 5-HT 6 Receptors in NAcSh iMSNs Increased CPP for Cocaine at a Low Dose
To examine whether increased 5-HT 6 receptors in the indirect pathway altered the sensitivity to the rewarding properties of cocaine, we tested the effects of expressing 5-HT 6 receptors or GFP in iMSNs on the ability of cocaine to support CPP to a low dose of cocaine (5 mg/kg) that we previously found was too low to produce a consistent CPP in control rats (Barot et al, 2007; Neumaier et al, 2002) . The rats with increased 5-HT 6 receptor expression in iMSNs spent a significantly longer period exploring the cocaine paired chamber during testing (Figure 5e , t-test, p = 0.04).
Increasing Expression of 5-HT 6 Receptors in dMSNs or iMSNs Does Not Influence Locomotor Activity
We tested whether increasing 5-HT 6 receptors in dMSNs or iMSNs altered spontaneous locomotor activity in a subset of rats from all groups. All of the groups demonstrated similar locomotor activity patterns with no significant betweengroup differences (direct pathway: Supplementary Figure 2a (a) Cocaine infusions (mean ± SEM) for the average of four PR sessions for Dyn-GFP (n = 7) and Dyn-5-HT 6 (n = 7) (t-test, p = 0.14). (b) Active lever presses (mean ± SEM) for the average of four PR sessions for Dyn-GFP (n = 7) and Dyn-5-HT 6 (n = 7) (t-test, p = 0.26). (c) Cocaine infusions (mean ± SEM) for the average of four PR sessions for Enk-GFP (n = 12) and Enk-5-HT 6 (n = 14) (t-test, p = 0.31). (d) Active lever presses (mean ± SEM) for the average of four PR sessions for Enk-GFP (n = 12) and Enk-5-HT 6 (n = 14) (t-test, p = 0.53). (e) Increasing expression of 5-HT 6 receptors the iMSNs increases preference for cocaine at a low dose. CPP score (cocaine time − saline time (s)) shown for rats with either Enk-GFP (n = 8) or Enk-5-HT 6 (n = 8) (t-test, p = 0.04). *po0.05.
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DISCUSSION
The segregation of dMSNs and iMSNs in dorsal and ventral striatum is a fundamental feature of the organization of brain reward circuitry, and the functional implications of the divergent roles of these pathways are currently a topic of great interest. It has been known for many years that both iMSNs and dMSNs express 5-HT 6 receptors (Ward et al, 1995) , but past studies involving 5-HT 6 receptors and psychostimulants did not address these distinct pathways (de Bruin et al, 2013; Eskenazi and Neumaier, 2011a; van Gaalen et al, 2010; Valentini et al, 2012) , and hence the circuitry mechanisms involved were not evaluated. Therefore, we investigated the relative contribution of 5-HT 6 receptors in each pathway on operant behaviors reinforced by cocaine. Previously, we found that increasing 5-HT 6 receptors in both pathways of NAcSh interfered with learning of a CPP for cocaine, and that systemic treatment with a selective 5-HT 6 antagonist had the opposite effect (Ferguson et al, 2008) . However, in that study we did not observe any direct effects on drug reward. Furthermore, we have previously observed that increasing 5-HT 6 receptors in both pathways of dorsomedial striatum interfered with acquisition of action-outcome learning when sucrose was used as the reinforcer (Eskenazi and Neumaier, 2011a; Mitchell et al, 2007) . In dorsomedial striatum, we recently found that selective expression of 5-HT 6 receptors in iMSNs alone was sufficient to interfere with action-outcome operant learning (Eskenazi et al, 2015a) . In contrast, we found that 5-HT 6 receptor signaling in dorsolateral striatum facilitated omission training in a contingency-specific manner, but did not affect the learning acquisition of action-outcome learning (Eskenazi and Neumaier, 2011b) . Thus, the impact of 5-HT 6 receptors on striatum-dependent behavior depends both on the pathway being manipulated and on the subregion that is targeted.
The central finding of this report is that increased expression of 5-HT 6 receptors in the iMSNs reduced cocaine SA under an FR1 reinforcement schedule by about 50% when using a 0.75-mg/kg unit dose. The most obvious explanation for this result is that the animals had lower motivation to take cocaine, but increasing 5-HT 6 receptors in iMSNs had no effect on the 'break point' under a PR reinforcement schedule at a dose of 0.75 mg/kg, suggesting that their motivation to take cocaine was not likely altered at this dose. In contrast, increasing expression of 5-HT 6 receptors in the dMSNs of NAcSh had no effect on cocaine SA under either FR1 or PR reinforcement schedules. Although the control rats in the dMSN experiments selfadministered slightly more cocaine than the rats in the control iMSN experiments, these cohorts were run at entirely separate times and the difference can be attributed to biological variation. Although it is possible that increasing 5-HT 6 receptor expression may modulate break point at higher or lower doses of cocaine, the present evidence suggests that there were no changes in motivation using the PR 'break point' method.
One possible explanation for our central observation is that the rats were more sensitive to the reinforcing properties of cocaine and therefore required less to attain a preferred subjective response to the drug. We applied a previously developed and later refined method for modeling the pharmacokinetics and tissue concentration of cocaine to estimate the brain cocaine concentration that each animal titrated to and presumably preferred for each unit dose of cocaine tested (Pan et al, 1991; Zimmer et al, 2011) . This analysis suggested that the Enk-5-HT 6 rats preferred a lower tissue concentration of cocaine, further supporting the notion that they are more sensitive to the reinforcing properties of cocaine.
We further tested this idea using a different behavioral model by performing a cocaine CPP experiment using conditions that enhance the sensitivity to detect differences in reward as compared with aversion-ie, low dose and brief pairing of cocaine with the context (Barot et al, 2007; Ettenberg, 2004; Pliakas et al, 2001 ). The rats with increased 5-HT 6 receptors in iMSNs developed a stronger preference for a typically subthreshold dose of cocaine (5 mg/kg i.p.) (Barot et al, 2007; Neumaier et al, 2002) , suggesting that these rats were more sensitive to the rewarding effects of cocaine at this dose.
We considered alternative interpretations as well. It is also conceivable that increasing 5-HT 6 receptors in the iMSNs altered the processing of aversive information. However, we found no differences in operant self-administration at the highest cocaine dose (1.5 mg/kg unit dose), which is most likely to generate aversive effects. We did not test place conditioning with high dose cocaine and delayed pairing, which is a sensitive method for detecting aversion (Barot et al, 2007; Ettenberg, 2004; Pliakas et al, 2001 ) because there were no differences in cocaine SA at the highest unit dose tested. Further, we found no differences in operant responding on a PR reinforcement schedule. Taken together, this suggests that these results are not likely due to changes in the processing of aversive information. Another explanation is that increased 5-HT 6 receptors in NAcSh altered motor activity and interfered with cocaine taking, but there were no changes in locomotion following these manipulations nor were there differences at 1.5 mg/kg cocaine, a unit dose that would be most likely to induce motor deficits. In a previous study we also found no evidence that increased 5-HT 6 receptors altered the acute locomotor response to cocaine or sensitization over several days, although in that study we expressed 5-HT 6 receptors using a pathway non-selective viral vector (Ferguson et al, 2008) .
Although we observed no change in PR responding at 0.75 mg/kg, which is usually interpreted to mean that there was no change in motivation to take cocaine at this dose, Enk-5-HT 6 animals displayed a consistent pattern of delaying the initial cocaine infusions during each test session, across multiple days. It is unlikely that 5-HT 6 receptors impaired the animal's association between cocaine availability and the active lever, because there was no declination in the delay to initial lever press over multiple days. However, most of the differences between Enk-GFP and Enk-5-HT 6 treated rats occurred during the beginning of each session, as the experimental animals lacked the initial burst of cocaine taking that is typical of cocaine SA (Belin et al, 2009; Zimmer et al, 2011) . The higher initial rate of cocaine infusions may be taken to attain a preferred cocaine level in the brain, followed by a second phase of slower cocaine taking to maintain a preferred cocaine concentration in the brain. If this interpretation is correct, then 5-HT 6 receptors in the NAcSh indirect pathway have an impact on the initial phase of cocaine SA and it is not surprising that there was no change in break point under a PR schedule, which depends on an extended cocaine SA session. In a recent study, we found that increased 5-HT 6 receptors in iMSNs in dorsomedial striatum delayed the time to initial lever press only on the first day of training for sucrose responding (Eskenazi et al, 2015a) , which is a similar result but this effect was not sustained over multiple days as it was in the present study using cocaine SA. If 5-HT 6 receptors in iMSNs of the NAcSh produce increased sensitivity to lower doses of cocaine, then this might in turn reduce the likelihood of developing compulsive addiction-like behaviors which are associated with higher infusion rates of cocaine SA during early experience with drug taking (Belin et al, 2009 (Belin et al, , 2011 . This interpretation is supported by previous work showing that activating the indirect pathway fosters resilience to compulsive cocaine use (Bock et al, 2013) and reducing indirect pathway activity can facilitate psychomotor sensitization to cocaine (Ferguson et al, 2011) .
One parsimonious way to interpret all of this data together is to consider the distribution of 5-HT 6 receptors in both of these output pathways. Although dopamine differentially activates dMSNs via D 1 receptors and inhibits iMSNs via D 2 receptors, serotonin will excite both pathways as both populations of MSNs express endogenous 5-HT 6 receptors (Ward et al, 1995) .Thus, dMSNs are activated by both the endogenous Gαs-coupled D 1 and 5-HT 6 receptors, leading to an accumulation of cAMP (Dobi et al, 2011; Surmeier et al, 2007) . However, D 2 and 5-HT 6 receptors in iMSNs have opposite effects on adenylate cyclase activity and will tend to oppose one another. Therefore, 5-HT 6 receptors in the iMSNs are positioned to interfere with behaviors that are supported by dopamine action in NAcSh. Presumably balanced activation of endogenous 5-HT 6 receptors in both pathways simultaneously interferes with dopamine actions by reducing the differential activation of these two pathways. It is not known whether exposure to abused drugs alters the expression levels of 5-HT 6 in these pathways differentially, but this is a topic under active exploration.
The finding that increased 5-HT 6 receptor expression in the iMSNs of NAcSh leads to an increase in the sensitivity to the reinforcing properties of cocaine while maintaining normal reward motivation properties has implications toward the field of drug addiction research. Although similar studies have focused on the role of 5-HT 6 receptors modulating DA in NAcSh (Valentini et al, 2012 ) during cocaine reinforcement, or the role of the indirect pathway in reducing cocaine reinforcement (Hikida et al, 2010) , no studies have focused on the pathway-specific roles for 5-HT 6 receptors. Our findings suggest that 5-HT 6 receptors are a potential target for treatment of drug addiction, in that if receptors are selectively upregulated or stimulated in the iMSNs, the amount of drug taken by individuals might reduce, thereby impeding the progression toward compulsive, unregulated drug use.
